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Abstract 
Growth of narrow-neck, epitaxial as well as non-epitaxial and nearly spherical Ge islands on air-
exposed Si(111)-(7×7) surfaces has been investigated by in-situ scanning tunnelling microscopy 
(STM) and ex-situ high resolution cross-sectional transmission electron microscopy (HRXTEM). A 
thin oxide is formed on Si(111)-(7×7) surfaces via air exposure. Ge islands are grown on this oxide. 
STM measurements reveal the growth of very small (~2 nm diameter) Ge islands with a high 
number density of about 1.8×1012 cm−2. The island size has been found to depend on the amount of 
deposited Ge as well as the substrate temperature during Ge deposition. HRXTEM micrographs 
reveal that the islands are nearly spherical in shape, making narrow-neck contact with the substrate 
surface. At 520°C growth temperature both epitaxial and non-epitaxial islands grow. However, at 
550°C, Ge islands predominantly grow epitaxially by a narrow-contact with Si via voids in the 
oxide layer. Growth of vertically elongated Ge islands is also observed in HRXTEM measurements 
with a very small diameter-to-height aspect ratio (~0.5−1), a hitherto unreported feature of epitaxial 
Ge growth on Si surfaces. In addition, stacking fault and faceting are observed in islands as small as 
5 nm diameter. Ge islands, not even in contact with the Si substrate, appear to be in epitaxial 
alignment with the Si substrate. The island size distribution is essentially monomodal. As the 
contact area of Ge islands with Si through the voids in the oxide layer can be controlled via growth 
temperature, the results indicate that tunability of the potential barrier at the interface and 
consequently the tunability of electronic levels and optical properties can be achieved by the control 
of growth temperature.  
 
Keywords: Epitaxial Ge islands on oxidized Si(111) surfaces; Scanning tunnelling microscopy; 
Transmission electron microscopy 
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1. INTRODUCTION 
Nanoscale materials of indirect band-gap semiconductors, such as Ge nanodots, are widely 
investigated in order to study quantum confinement and their promising applications, especially in 
optoelectronics 1, 2. For practical implementation in devices, the nanodots should be very small and 
uniform in size with a high number density. Quantum confinement effect, arising due to the 
confined charge carriers inside these nanostructures, becomes strong with decreasing size of the 
quantum dots. Smaller the size, more prominent is the discreteness of the energy levels of the 
confined electrons which may lead to an increased band gap relative to the bulk, thus, showing a 
strong confinement effect even at room temperature (RT) 3–8. Various approaches, starting from 
lithographic technique to self-organized growth phenomena have been considered so far for the 
spatial ordering and uniform size distribution of these nanostructures. As far as applications are 
concerned, in addition to optoelectronic and electronic applications, there are new possibilities of 
magnetic applications as ferromagnetism has recently been reported in Ge nanoparticles 9, 10. 
 
In the case of strain-driven self-organized growth of Ge on Si surfaces, Ge follows the Stranski-
Krastanov growth mode with the formation of 3-D islands on top of a wetting layer. However, this 
conventional self-organized growth produces relatively large Ge islands 11–14. Ge growth on a pre-
grown ultrathin SiO2 film on atomically clean Si(111)-(7×7) surfaces gives rise to ultra small (<10 
nm) closely packed self-organized epitaxial Ge islands 6, 7, 15–17. The ultrathin SiO2 film saturates 
dangling bonds on Si(111)-(7×7) surfaces, lowers the surface free energy and modifies the kinetics 
and energetics of island nucleation on surfaces. Under appropriate conditions, the SiO2 film reacts 
with deposited Ge and voids of diameter less than ~ 1 nm are formed in the SiO2 film 18. The voids 
work as nucleation centres, and further deposition of Ge leads to the growth of epitaxial Ge 
nanodots, connected through the voids to the Si substrate. Thus, adequate conditions for the growth 
of very small size Ge nanostructures with a proper control of the size have been possible to achieve. 
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The confining potential barrier height of a nanodot is regulated by interface condition 17. Proper 
tuning of various parameters like growth temperature and deposition rate can help in modifying the 
interface conditions of the Ge quantum dots as well. Nakayama et al. 17 have shown that the 
confining potential for the epitaxial nanodots, in narrow-contact with the Si substrate surface, was 
significantly reduced compared to that of the nonepitaxial nanodots in contact with a thin oxide on 
Si. This provides a new way to tune quantized energy levels of Ge nanodots not only by their size 
but also by interface condition. A reduced potential barrier of epitaxial nanodots can confine the 
carriers even though they are connected to the substrate 17. Growth of Ge nanoislands by other 
means can also be used to tune this confining potential barrier. For example, Ge islands grown on a 
thin polymer layer on Si 19 would give a high potential barrier. Variation in the confining potential 
barrier would affect the carrier exchange at the dot-substrate interface, an understanding of which is 
important for applications of these nanodots for optoelectronic devices. Distinct electronic transport 
behaviours (I-V curve) for coherent and incoherent Ge quantum dots, depending on the confining 
potential, were reported by Chung et al. 20. 
 
For Ge nanoisland growth on a thin oxide on Si, in earlier experiments the oxide layer was grown 
under ultrahigh vacuum (UHV) condition 3, 4, 6, 7, 16–18. Several earlier experiments performed under 
atmospheric or non-UHV conditions achieved results comparable to those obtained under UHV 
conditions on atomically clean Si(111)-(7×7) surfaces 21–24. It would be interesting to investigate the 
growth behavior of Ge nanoislands when a non-UHV step is introduced. In the present work we 
investigate the growth of Ge nanoislands on a thin oxide on Si that is prepared by exposing clean 
Si(111)-(7×7) surfaces to air. 
 
Here we present our results on the growth of nearly spherical, small and epitaxial Ge nanodots on Si 
by a method of interface modification by exposing clean Si(111)-(7×7) reconstructed surface to air, 
giving rise to the formation of a thin (~2 nm ) SiOx layer, prior to Ge deposition. Results of in-situ 
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scanning tunnelling microscopy (STM) and ex-situ cross sectional transmission electron 
microscopy (XTEM) investigations are presented. We observe growth of both coherent and 
incoherent but well-aligned Ge islands. Coherent islands grow through the voids in the SiOx layer. 
For the growth of Ge nanodots on air-exposed Si(111)-(7×7) surfaces we even observe epitaxial 
islands with aspect ratio (diameter-to-height) of <1, some as small as 0.5, an hitherto unreported 
feature. Though, STM provides the direct mapping of the surface morphology, this technique is not 
suitable when it is essential to study the correct shape of the islands, the epitaxial quality and the 
correct base diameter of the nanodots grown on the surface. It is often very likely, that the base 
diameter provided by STM is not correct. If the contact regions of the nanodots at their base are 
narrower than the diameter of the dots, this narrow-neck feature will only be seen by techniques like 
XTEM. Therefore, high resolution XTEM (HRXTEM) studies have been used here extensively to 
investigate, in addition to crystallographic orientation, the island shape and their interface 
conditions, which are not revealed by usual STM studies. All these aspects of Ge nanodots grown 
on Si(111)-(7×7) surfaces, modified by air-exposure, will be addressed here. 
 
2. EXPERIMENT 
Ge deposition was carried out in a custom-built ultrahigh vacuum (UHV) chamber where the base 
pressure inside the growth chamber was of the order of low 10−10 mbar to high 10−11 mbar. A 
commercial UHV variable temperature scanning tunnelling microscope (VTSTM, Omicron 
Nanotechnology, Germany) is connected to the growth chamber for in-situ characterizations of the 
samples. This system was described elsewhere 14. P-doped n-Si(111) samples (oriented within 
±0.5°) with a resistivity of 5-20 Ω-cm was loaded in the UHV chamber. Atomically clean, 
reconstructed Si(111)-(7×7) surfaces were prepared by usual heating and flashing procedure. The 
samples were first degassed at about 600°C for 12-14 hours followed by a prolonged flashing at 
~1200°C for 5−6 minutes. The substrate was then cooled down to room temperature (RT) and 
Si(111)-(7×7) surface reconstruction was observed by in-situ STM. Step-terrace structure on the 
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surface with the formation of defect lines on each terrace was observed. High resolution STM 
images show atomically clean Si(111)-(7×7) surfaces within domains separated by defect lines and 
step edges. The samples were then exposed to air for 3-4 hours by bringing them out via the load 
lock chamber. This is expected to form a thin SiOx film on the Si(111)-(7×7) surface. Following 
this, the sample was again introduced into the UHV growth chamber and degassing of the sample 
was carried out at around 500°C for 2 hours. This procedure was carried out to remove adsorbed 
gases from the sample surface due to air-exposure without removing the thin oxide film formed on 
the Si(111)-(7×7) surface. After cooling down the samples to RT, the surfaces were investigated by 
STM. Different samples were prepared for Ge coverages of 1.6, 2.7, 3.2, 4.8 and 6.4 bilayers (BL) 
(keeping all other growth parameters same) on SiOx-covered Si(111)-(7×7) surfaces from a PBN 
(pyrolytic boron nitride) crucible at a substrate temperature of 520°C. (1 BL of Ge atoms in the 
[111] direction is equivalent to 1.44×1015 atoms/cm2. In addition, one sample was prepared by 
depositing a 2.7 BL Ge layer at a substrate temperature of 550°C. The growth rate of Ge for all the 
coverages was kept at 0.02 Å/s and the pressure inside the UHV growth chamber during deposition 
was 1.7×10−10 mbar. The amount of Ge deposition during growth was measured by a quartz 
microbalance which has been pre-calibrated by Rutherford backscattering spectrometry (RBS) 
measurements on Ge films grown at different growth rates and for various amounts of Ge 
deposition. The post-growth investigations of the samples were carried out by in-situ STM and ex-
situ HRXTEM. 
 
3. RESULTS AND DISCUSSIONS 
3.1. STM Results 
3.1.1. Clean and air-exposed Si(111)-(7×7) surfaces 
A STM image [Fig. 1(a)] of a clean Si(111)-(7×7) surface reveals the presence of monatomic steps 
and terraces with domain boundaries. High resolution STM images show atomically clean Si(111)-
(7×7) surface reconstruction. A STM image of a domain boundary with Si(111)-(7×7) atomic 
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reconstruction on both sides of it is shown in Fig. 1(b). The width of the domain boundary regions 
was found to vary depending on the duration of flashing. In our case, it is typically from 5−20 nm in 
width. The bright contrast at the domain boundaries may be because of accumulation of some 
contaminants. There are many reports available which confirm the formation of various kinds of 
defects on Si(111)-(7×7) surfaces 25–31. Demuth et. al. 28 observed extended defect line structures, 
similar to our case, which these authors attributed to surface grain boundary, either due to short 
annealing period or because of some contaminants on the surface. Since, the domain boundaries on 
Si(111)-(7×7) surfaces are irregular 31, proper reasons behind the formation of such defects are 
difficult to ascertain. These boundary structures are mostly due to the strong interaction between 
dimer and adatom, the difference between faulted and unfaulted halves and sometimes due to the 
metastable subunit cells like (5×5) 27. In our case, we have observed that a prolonged flashing time 
(5 minutes or more) gives rise to domain boundaries on Si(111)-(7×7) surfaces. 
 
When a Si(111)-(7×7) surface [Fig. 1(a)] is exposed to air a thin oxide layer is formed. Surface 
morphology of the thin SiOx film grown on Si(111)-(7×7) surfaces is shown in figure 2. STM 
investigations reveal that a uniform SiOx film has formed on the surface, keeping the step-terrace 
structure of the clean Si surface intact. The step height, as seen from the STM height profiles (not 
shown) after the formation of a SiOx film, remains almost the same as that of the clean (7×7) 
surfaces [Fig. 1(a)]. Oxide growth appears to be uneven on the domain boundaries, unlike on the 
(7×7) reconstructed terraces where it appears almost uniform. 
 
Oxidation of passivated Si surfaces in air is a slow process related to desorption rate of the 
passivating species and somewhat dependent on crystallographic orientation of the surface 32. 
Investigations regarding the oxidation process on H-terminated Si(001) surfaces show a 0.5 nm 
thick oxide layer growth 33 on the surface at RT after keeping the sample for one day in air where 
the step-terrace structure was found to be preserved even after the oxidation. However, clean 
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surfaces, when exposed to air, undergoes the oxidation process comparatively rapidly with a 
sticking coefficient of 10−4 − 10−1 34. In the present case a 3−4 hr. exposure to air was sufficient to 
form a thin oxide. Ge nanodots have grown on this surface upon Ge deposition. 
 
It was shown earlier for the growth of oxide under UHV condition on Si(111)-(7×7) surfaces that 
the (7×7) reconstruction of the Si(111)-(7×7) surface remains on the oxide surface 35, 36. For the 
oxide grown by air-exposure, we also observe a short range (7×7) order on the oxide surface. 
Fourier transform of the STM image of the air-exposed surface in Fig. 2 and similar other images 
show the spots corresponding to the 2.7 nm periodicity of the (7×7) reconstructed surface. This is 
shown in Fig. 3, where (1/7, 0), (0, 1/7), (1/7, 1/7) and their equivalent fractional order spots of the 
(7×7) reconstruction on Si(111) are marked. The distances between the spots are one-seventh the 
distance corresponding to the (1×1) unit cell on Si(111). This indicates that the periodicity of the 
underlying Si(111)-(7×7) unit cell remains on the oxide surface grown by air-exposure, although the 
oxide prepared by air-exposure is not likely to be as clean as the UHV-grown oxide. The thickness 
of this oxide layer is revealed in many XTEM images presented in part B of this section. 
 
3.1.2. Ge growth on air-exposed Si(111)-(7×7) surfaces 
We have studied Ge growth at two different temperatures, 520°C and 550°C. Temperature was 
measured by a thermocouple at the rear side of the substrate. So the substrate surface temperature is 
expected to be somewhat lower. STM images of a 1.6 BL Ge film deposited at 520°C substrate 
temperature, are shown in Fig. 4. Densely packed Ge islands have grown on the surface, forming a 
‘tiling’ pattern where each ‘tile’ is decorated with Ge islands. The ‘tiles’ are separated from each 
other by narrow boundary regions, where the growth of Ge islands is rare. Ge islands are less likely 
to grow on the presumably contaminated boundary region. The width of the boundary regions, as 
seen in the STM micrographs, is around 10–20 nm which is approximately the same as the width of 
the domain boundaries on the Si(111)-(7×7) surfaces (figure 1). The STM images in Fig. 4(a), (b) 
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show a few ‘tiles’ and the boundary regions. A portion within a ‘tile’ is shown in Fig. 4(c). To study 
the details of the surface around the boundary regions, STM measurements were made on and 
around these places. A higher resolution STM image of such a ‘tile’ surrounded by the boundary 
regions is shown in Fig. 4(d). The STM micrographs reveal that very few Ge islands have grown in 
the boundary regions. However, very small size island-like structures are observed in these areas. 
Height distributions obtained from the images in Fig. 4(a), (b), (c) and (d) are shown in figure 
5(a)[(i), (ii)], (b)[(i), (ii)], (c) and (d), respectively. (In each image there is 450×450 points. Heights 
of these 202500 points are plotted as no. of points vs. height). In Fig. 5, the peak marked as ‘A’ 
corresponds to the base layer and the peak, marked ‘B’ corresponds to the Ge islands. Such analysis 
of STM images was used earlier to determine island height distribution 37, 38. We fitted the height 
distributions [Fig. 5] using Gaussian functions. The height distribution curves [Fig. 5(a)(i), (b)(i) 
and (c)], when fitted with two Gaussian functions, do not fit properly whereas a fit considering 
three Gaussian functions appears to be more appropriate [Fig. 5(a)(ii), 5(b)(ii) and 5(c)]. This 
implies that apart from the peak A, which appears from the base layer, and the peak B due to Ge 
islands, there is a small peak between A and B. This small peak appears to come from the boundary 
regions between the tiles. From the fitted distributions, we obtain the island heights relative to the 
first peak (A) position. The first set of smaller ‘islands’ corresponds to a height of ~0.7 nm, and the 
second set of islands (B), which are larger in size corresponds to a height of ~2 nm. In an STM 
micrograph from a small region (Fig. 4(d)) containing a large fraction of the boundary regions as 
well as island regions shows only one island peak. The peak A is broad and shifted to the position of 
the peak from the boundary region as expected. The size distribution of Ge islands is essentially 
monomodal. The average number density of islands, in our case, within a ‘tile’ is found to be about 
1.8×1012 cm−2. Previous STM studies 16 of Ge growth on a UHV-grown SiO2 layer (0.3 nm) on 
Si(111) surfaces, reported growth of Ge islands with an island height of about 2.3 nm for 2.6 BL Ge 
coverage, with a number density of approximately 1.8×1012 cm−2 , similar to our results. These 
authors did not study any height distribution of the islands, only height profiles of a few individual 
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islands were shown. We have also carried out STM studies for 2.7 and 3.2 BL Ge coverages. In the 
case of 2.7 BL Ge the average island size is larger, ~3 nm. For 3.2 BL Ge, islands grow further in 
size and overlapping islands are formed. 
 
STM images (Fig. 4) of the 1.6 BL Ge film on SiOx reveal that the Ge islands have formed 
overwhelmingly on the ‘defect-free’ areas of the terraces. Structural defects on a substrate surface 
play an important role in semiconductor heteroepitaxy. Surface electronic structure changes with the 
occurrence of the structural defects, which results in different surface chemical properties. 
Therefore, the growth, electronic structure and the physical properties of the overlayer are affected 
by the interface defects 39–41. The domain boundary which might appear on Si(111)-(7×7) surfaces 
due to various reasons, can influence the growth of the deposited material 42. In our case, this 
apparently seems to be the reason behind this interesting ‘domain-patterned’ growth of Ge islands 
on modified Si(111) surfaces. The authors in ref. 16 have also not observed any evidence of the 
nucleation of Ge islands on the structural defect sites on SiO2 films. We have also studied Ge 
growth on clean Si(111)-(7×7) surfaces as shown in Fig. 1(a), (b), where Ge islands preferably 
decorate the domain boundaries 43. These differences can be explained by a reaction-diffusion 
model 44. These works will be published elsewhere. 
 
3.2. HRXTEM Results 
As STM looks at the projection of the islands on the surface, very often, it can neither provide the 
correct shape of the islands nor can give the correct base diameter. It is very likely that the base 
diameter of the islands in ref. 16 is much smaller. In our HRXTEM studies, where the cross-
sectional view from the side of the islands is observed, we indeed notice that the islands have 
usually a very narrow contact region with the substrate, much smaller compared to the base 
diameter observed in STM images. We observe the growth of epitaxial Ge islands connected to Si 
via voids in SiOx as well as non-epitaxial islands resting on the oxide layer. Use of only the STM 
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technique is inadequate to obtain the island shape and their epitaxial or non-epitaxial nature. Details 
about the island-substrate contact region are important for understanding the electronic energy 
levels in quantum confinement 3, 7, 17, 18. 
                                               
3.2.1. Growth of Ge at 520°C 
HRXTEM images in Fig. 6 clearly show the growth of spherical or nearly spherical, ultrasmall, 
epitaxial Ge islands for 1.6 BL of Ge coverage where the size of the contact area with the Si 
substrate is either comparable or slightly smaller than the lateral dimensions of these islands. Many 
islands are even found to grow nonepitaxially without any contact with the surface. These features 
will not be revealed by STM studies. For this coverage of Ge, we find that the islands have an 
aspect ratio (diameter : height) of ~1:1, much different compared to the pyramidal (10:1) and dome 
(5:1) islands usually observed in Ge growth on bare Si surfaces 11–13. The islands are monomodal 
unlike the distinct bimodal distribution usually observed for epitaxial growth of Ge islands on bare 
Si surfaces 11–13. 
 
Some HRXTEM images of 4.5 and 6.4 BL Ge films grown at 520°C are shown in Fig. 7 and Fig. 8, 
respectively. Ge islands for these cases are in general larger (~5 nm in dia) compared to the 1.6 BL 
film. For these films, we observe the growth of spherical or nearly spherical islands with very 
narrow contact areas with the substrate. Interestingly, some islands also show faceting [Fig. 7(b)] 
and stacking faults [Fig. 7(d)]. Some islands are in contact with Si (epitaxial) and some are resting 
on the oxide film without any contact with Si, as revealed by the XTEM micrographs. Many islands 
have epitaxial orientation with respect to the Si substrate, although the islands are not epitaxial as 
there is no contact between the Ge island and the Si substrate. The XTEM micrograph in Fig. 8(b) 
from a 6.4 BL Ge film shows such an island resting on the oxide film without any contact with Si. 
Such nonepitaxial island growth with an epitaxial orientation with the substrate was also observed 
for Ag growth on air-exposed Si(100)-(2×1) 45, Si(111)-(7×7) 46 and Si(110)-(5×1) 47 surfaces. This 
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epitaxial orientation apparently arises due to the presence of short-range order on the oxide 
surfaces. 
 
3.2.2. Growth of Ge at 550°C 
XTEM micrographs of a 2.7 BL Ge film grown at 550°C substrate temperature are shown in Fig. 9. 
At this growth temperature, one observes very good quality epitaxial growth of Ge islands, forming 
narrow-neck with the Si surface. The contact area of the Ge islands with the Si substrate is, in 
general, much larger compared to the growth at 520°C. Islands are nearly spherical in shape and the 
lateral dimension of the islands is ~10–12 nm as seen in the XTEM images. The island size is found 
to be larger in this case compared to the size of the islands even for higher coverages of 3.2 and 4.5 
BL grown at 520°C. Here also the islands have an aspect ratio (diameter : height) of ~1:1. XTEM 
micrographs taken from the same sample also reveal the formation of Ge islands with vertically 
elongated shape as shown in Fig. 10. This shape of the islands would also not be revealed by STM 
studies. These islands grow epitaxially, some with a very narrow contact region, and with a 
diameter-to-height aspect ratio < 1. Sometimes the aspect ratio of these islands is even found to be 
~1:2. This kind of growth of Ge islands on Si surfaces, to our knowledge, is hitherto unreported. Ge 
epitaxial islands, grown on bare Si(111)-(7×7) surfaces have very different characteristics. They are 
pyramid- or dome-shaped with aspect ratios of about 10:1 and 5:1, respectively 12, 13. These Ge 
islands, grown on bare Si surfaces, also have very large contact areas with a Ge wetting layer on the 
Si substrate. For the epitaxial growth of Ge islands with a narrow contact area with the Si substrate, 
continued deposition would prefer attachment of deposited Ge atoms with the already formed 
atomic strings of Ge in the island. This would tend to an elongated island growth. 
 
The energy levels in a spherically symmetric Ge quantum dot would have degeneracies. In 
elongated Ge islands like those in figure 10, some of these degeneracies would be lifted and 
degenerate energy levels would split. Such electronic structure of individual islands can be 
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investigated in future by scanning tunnelling spectroscopy experiments. 
 
Even though, Ge was deposited on a Si oxide film, the HRXTEM micrographs reveal that Ge 
islands have grown epitaxially with a narrow-neck contact with Si via formation of voids within the 
oxide film. It was found that the Ge growth at an elevated temperature on a Si oxide film on 
Si(111)-(7×7) surfaces occurs through the following reaction 16, 48–50: 
                                             SiO2 (s) + Ge (ad) → SiO (g) + GeO (g) 
where the evaporation of SiO and GeO molecules are significant above 500°C and 360°C 
respectively 16. As a result bare Si surface becomes exposed through holes in the oxide layer created 
by the above reaction. This provides the necessary epitaxial growth of 3D Ge islands. This epitaxial 
growth of Ge islands depends on deposition rate and growth temperature 16. It was observed that a 
substrate temperature of slightly above 430°C and a low deposition rate provide the adequate 
conditions for epitaxial growth of 3D Ge islands on an atomically clean and then oxidized Si 
surfaces. The voids are usually less than ~1 nm in diameter, and further deposition generates Ge 
nanodots connecting directly to the Si substrate through the voids 18. Various issues related to the 
formation of Ge nanodots on UHV-oxidized Si(111) surfaces were addressed and discussed by 
Ichikawa et al. 3, 17, 18. However, to our knowledge, there is only one report available in the 
literature43 which contains XTEM images. HRXTEM images can reveal the epitaxy of the islands 
and the nature of the island-substrate contact region. Here, we show our HRXTEM results in details 
for different coverages of Ge and for two different growth temperatures. Our oxide-layer 
preparation is also different from that used by Ichikawa et al. and other authors 3, 17, 18. These 
authors have grown the oxide layer under UHV conditions. We have grown the oxide layer by 
exposing clean Si(111)-(7×7) surfaces to air. Even on this presumably dirty oxide we obtain 
epitaxial growth of Ge islands. We also observe that among other aspects island shape and aspect 
ratio can be controlled by tuning the growth temperature. 
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4. SUMMARY AND CONCLUSIONS 
Ge growth on air-expossed Si(111)-(7×7) surfaces has been investigated by STM and HRXTEM. 
Nearly spherical self-organized Ge islands with a narrow contact area with the substrate have been 
found to grow on air-expossed Si(111)-(7×7) surfaces. These Ge islands are usually small, in some 
cases as small as ~2 nm diameter depending on the growth condition. Growth at a substrate 
temperature of 520°C produces both epitaxial and nonepitaxial Ge islands. However, at 550°C the 
islands are predominantly epitaxial. Epitaxial islands grow in contact with Si through voids in the 
oxide layer grown by air-exposure. These voids are apparently formed via reaction of Ge adatoms 
with the silicon oxide. On the other hand nonepitaxial Ge islands grow where the intact oxide layer 
prevents growth of Ge in contact with the Si lattice. A major fraction of Ge islands grown at 550°C 
has an aspect ratio (diameter : height) in the range of 1:1−1:2, whereas standard self-organized 
growth of Ge on Si(111)-(7×7) surfaces yields islands of aspect ratios in the range, 5:1−10:1 with 
broad contact areas with the substrate 11–13. In the present case, the Ge islands also have a 
reasonably uniform size distribution as opposed to distinct bimodal size distribution observed for 
self-organized growth on bare Si surfaces 11–13. The oxide layer between the Ge islands and Si offers 
an electron tunnelling barrier for electron transport through these islands. A narrow contact of Ge 
islands with Si through the oxide layer would still offer a potential barrier, albeit smaller in 
comparison with the intact oxide. This indicates the tunability of the electronic levels in these Ge 
islands. The present work reveals the interesting result that even on the presumably dirty surface of 
air-exposed Si(111)-(7×7) surfaces epitaxial Ge islands can be grown. Growth of vertically 
elongated epitaxial Ge islands on Si, observed in the present study, to our knowledge has not been 
hitherto reported. Earlier studies of Ge growth were carried out on a ~0.3 nm thick UHV-grown 
oxide. The present work shows that epitaxial growth of Ge nanoislands occurs even on a thicker (~2 
nm) oxide layer, which also need not be prepared under UHV condition. The present results also 
indicate that tunability of electronic energy levels and optical properties of Ge islands can be 
achieved by controlling the growth temperature as the contact area of the islands with the Si 
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substrate would determine these properties. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. STM images of Si(111)-(7×7) surface reconstruction, bias voltage, Vs = 2.1 V, tunnelling 
current, I = 0.2 nA (a) steps with the formation of 10 - 20 nm wide defect lines on the surface, scan 
area: 800×800 nm2 (b) a high resolution STM image showing a defect line with 7×7 surface 
reconstruction on both sides of the defect line, scan area: 40×40 nm2. 
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Fig. 2. STM image of an air-exposed Si(111)-(7×7) surface. Scan area: 525×525 nm2. 
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Fig. 3. Fourier transformed image of an air-exposed Si(111)-(7×7) surface. The spots corresponding 
to the 2.7 nm periodicity of the (7×7) reconstructed surface are marked. 
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Fig. 4. STM images of a 1.6 BL Ge film deposited on an air-exposed Si(111)-(7×7) surface at 
520°C. Sample bias voltage Vs = 2.4 V, tunnelling current I = 0.18 nA. (a) 1000×1000 nm2 and (b) 
780×780 nm2 images showing the formation of ‘tiled-patterned’ Ge islands (c) Ge islands within a 
‘tile’ pattern, scan area: 200×200 nm2 (d) A ‘tile’ pattern surrounded by defect regions where the 
growth of very high density, ultrasmall voids are seen in the image. 
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Fig. 5. Height distribution curves obtained from the STM images shown in figures 4(a, b, c, d). Two 
and three Gaussian fittings (a)[(i), (ii)] and (b)[(i), (ii)] performed respectively on the height 
distribution data obtained from figures 3(a) and (b) respectively. One can see that a three Gaussian 
fit looks more appropriate for these two images. (c) The height distribution data from figure 3(c) 
which could be fit only using three Gaussian distributions. (d) Height distribution data from the 
STM image shown in figure 3(d) fitted with two Gaussian distributions. 
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Fig. 6. HRXTEM micrographs obtained from a 1.6 BL Ge deposited on an air-exposed clean 
Si(111)-(7×7) surface at 520°C growth temperature. Ultrasmall Ge islands with narrow contact with 
the substrate surface are seen in the images. 
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Fig. 7. (a) A XTEM micrograph obtained from a 4.5 BL Ge film on an air-exposed clean Si(111)-
(7×7) surface grown at 520°C. HRXTEM images show (b) epitaxial (with a very narrow contact 
with Si) or (c) non-epitaxial Ge islands. Some images are faceted as in (b) and some have stacking 
faults as in (d). The oxide layer thickness as seen from (a) and (c) is ~1-2 nm. 
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Fig. 8. XTEM micrographs obtained from a 6.4 BL Ge film grown at 520°C. (a) Several Ge islands 
are seen on the Si substrate with the oxide layer in-between. (b) HRXTEM image: the Ge island has 
no direct contact with the Si through the oxide. In spite of that the atomic planes in the Ge island 
appear to be nearly parallel to those in the Si substrate.  
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Figure 9. (a) A XTEM micrograph obtained from a 2.7 BL Ge film grown at 550°C on an air-
exposed clean Si(111)-(7×7) surface. The islands are comparatively larger in size and have grown 
epitaxially forming narrow-neck with the substrate surface. These islands have an aspect ratio 
(diameter : height) of ~ 1:1; (b) a typical HRXTEM micrograph of a single Ge island showing the 
epitaxial nature. 
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Fig. 10. HRXTEM micrographs obtained from a 2.7 BL Ge film grown at 550°C on an air-exposed 
clean Si(111)-(7×7) surface. Two typical vertically elongated epitaxial Ge islands are shown. These 
particular islands have an aspect ratio (diameter : height) of ~1:2. 
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